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ABSTRACT 
Australia is endeavouring to expand the mix of power 
resources, and is investing heavily in the development of 
renewable generation methods such as concentrated solar 
thermal power. In these systems, the power block and turbine 
need to maintain high efficiency under non-ideal conditions 
away from the design point. 
Literature shows that there is a clear relationship between 
the selection of fluids, the design of the operating cycle, the 
fluctuation in operating conditions and changes in power block 
performance. It is thus important for innovative power block 
designs to consider the performance of the system as a whole 
rather than by component, mainly turbine design, cycle 
development and economic analysis. However, there are few 
works that consider the coupling of multidisciplinary design 
and robust design to turbine-fluid selection and economic 
analysis for realistic systems. Furthermore, existing 
methodologies for robust optimisation often do not consider the 
effects of high-density gas properties on the performance of the 
power block. It is also critical that a power generation system 
produces ideal economic outcomes that meet a number of key 
performance indicators including levelised cost of electricity. 
Therefore, this paper develops a preliminary 
multidisciplinary design and robust design applied to turbine-
fluid selection and economic analysis of a solar-thermal power 
block. In this work, an Organic Rankine Cycle using novel 
working fluids for a solar thermal power system is developed. 
Integrating robust optimisation into the development of the 
power block is key to push efficiency further and guarantee 
power block feasibility when running at non-ideal conditions. A 
preliminary multidisciplinary optimisation is applied to design 
the complete power block concept such that the power block 
operates at peak performance across multiple analysis 
approaches. 
When using a multidisciplinary design approach, it is 
possible to perform robust optimisation on the whole power 
block where the target is on the economic outcomes rather than 
traditional targets such as efficiency, specific power generation 
capacity or size. 
NOMENCLATURE 
A Area 
C Flow velocity in turbine absolute frame, Cost factor 
C1 C2 Cost Factor for compressor 
D Diameter 
G1 G2 Cost factor for generator 
H enthalpy 
HEX, X Heat exchanger 
L Loss factor 
P Pressure 
PR Pressure Ratio 
PCR Performance cost ratio 
Q energy 
SP Specific power 
T1 T2 Cost factor for turbine 
U Blade tip velocity 
W Flow velocity turbine in relative frame 
Zb Number of blades on rotor 
Zr Rotor height 
b Blade height 
r Rotor radius 
Greek Symbols 
߳ Blade clearance 
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ߟ Efficiency 
ߎ Pressure ratio 
߂ Difference 
ߌ Cost factor 
ߪߟ Standard deviation of efficiency 
ߝ Heat exchanger effectiveness 
ߙ Flow angle in turbine absolute frame 
ߚ Flow angle in turbine relative frame 
ߩ Density 
Subscripts 
ߠ Tangental 
C Clearance 
I Incidence 
m Meriditonal 
mag Magnitude 
opt Optimal 
P Passage 
r Radial 
x Axial 
INTRODUCTION 
The development of new power generation systems using 
concentrated solar power is under heavy development. The 
work is challenging many existing design assumptions and 
finding that to make substantiative contributions that 
incorporating multidisciplinary analysis is a necessity. 
Development of a novel power block requires the selection of a 
cycle that makes the best use of the resources, a fluid that 
whose behaviour matches well to operational requirements and 
the off-design analysis of the turbine to ensure efficient energy 
production. 
It is clear then, that the development of the power block 
and objective functions need to be well thought out. Fluid 
operation is core theme in work by Aghahosseini [1] who 
suggests changes in the working temperature, and selecting 
fluids with a higher boiling point to increase efficiency. 
However, Chen [2] indicates that the improvement in overall 
efficiency by raising the temperature above a certain point has a 
diminishing return. Furthermore, increasing the cycle 
temperature will tend to increase the cost as highlighted by 
Aghahosseini [1]. The choice of method to improve the cycle 
must be take into consideration both fluid behaviour and cycle 
operation; a review by Chen [3] succinctly captures this 
summarising that with appropriate consideration, efficiency can 
be substantially improved by matching how the fluid behaves to 
cycle operation. 
There are a number of studies focussing on the selection of 
fluids by Angelino [4], Rayegan [5], He [6], Gawlik [7], 
Quoilin [8] and Papadopoulos [9], with the conclusion that 
depending on the goal there are many ways to improve 
efficiency. Bao [10] suggests selection of a fluid with low latent 
heat to reduce reversibility, Quoilin [8] indicates that the 
selection should be based on economic factors. Ayachi [11] 
suggests a survey of critical temperature vs second-law 
efficiency. Angelino [4] highlights that performance depends on 
improving the heat exchange processes within the cycle such as 
incorporation of a regenerator. Whilst it is prudent to select the 
best fluid from literature, it is clear that the ideal fluids are 
based on the objective function being used to evaluate the 
design rather than simple relationships [12]. 
Specific system designs such as the Organic Rankine Cycle 
(ORC) are extremely well studied in literature [10,13,14], with 
a general conclusion that there is no single best configuration 
[12]. It is also clear that there are competing issues in the 
development of the power block that requires that necessitates a 
multidisciplinary approach. Hu [15] indicated that there is a 
need to better understand the loss models and effects of the 
expander and heat exchangers on the system. Miller [16] began 
with a relationship between the temperature and net power 
delivered. Sarkar [17] proposed an analytical relationship 
useful for determining the intermediate pressure for two stage 
expanders. A study by Macchi [18] introduced a methodology 
useful for the preliminary design of thermodynamic cycles 
using a reference case and transferring it to a new cycle though 
similarity. 
Economic analysis when combined with system design is a 
fledgling field in the development of power systems - there is 
little information available to predict the actual cost of 
development. Instead, a relative value is used when comparing 
two designs using the same models. As described by El-sayed 
[19] purpose of thermoeconomics is to determine the best trade-
off between efficiency and total system cost (Capex + Opex), in 
order to achieve the maximum economic return on investment. 
Thermoeconomic analysis has been widely used in process 
engineering, and is a growing area of research in the initial 
design phases of gas turbine power blocks. Two methods exist 
for performing the analysis as developed by Bejan [20] as 
further described by Galanti [21] and Traverso [22] also known 
as the direct method, and that by Turton [23] known as the cost 
factor method. The cost factor method is applicable to plant 
design encompassing overall sizing and material choice for 
each component, in contrast the direct method focusses more 
on the minutia of operation such as mass flow, pressure ratio 
and efficiency. Consequently, this work considers the use of the 
direct method as the optimisation considers the pressure ratio 
information a key constraint in the design. 
Designing the operating cycle together with the turbine 
enables a better evaluation of the performance at any given 
point. Pan [24]  highlighted that in many cycle design analyses 
that the use of a constant isentropic efficiency may compromise 
results, thus proposing a simplified model of a radial turbine for 
use in a subcritical organic Rankine cycle. Similar works by 
Nassar [25] and Kang  [26] consider how the turbine model 
may be integrated into cycle analysis. Zhang [27] considered a 
subcritical Rankine cycle with superheating for a low 
temperature geothermal cycle, integrating the turbine design 
method with cycle analysis using R134a and R245fa, finding 
significant off-design differences based on fluid selection. By 
means of experimental design, Kang [26] showed that through 
a combination of small differences between the experiment and 
theory actual turbine efficiency may be significantly different to 
theory. The capability of assessing the off-design performance 
therefore is an important factor as solar-thermal power systems 
are greatly affected by minute-by-minute changes in weather, 
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and seasonal changes of solar radiation. Power delivery is still 
required in the periods where solar insolation is below design 
levels, consequently the expansion system must able to adapt to 
solar radiation conditions. 
 
 
MODEL DEFINITION AND SETUP 
There are many variants on the Rankine cycle, the cycle is 
typically improved by including the addition of 
recuperation/regeneration, multistage pump intercooling and 
additional expanders. The present work considers the 
regenerative Rankine cycle as depicted in  Figure 1a, the cycle 
comprises of a heat exchanger between the hot and cold sides 
of the cycle; Figure 1b shows the relationship between the 
cycle with the fluid saturation state; Figure 1c shows the 
temperature profiles within the regeneration heat exchanger. A 
Matlab code has been developed to evaluate the cycle and the 
effects of working fluid choice on the system performance and 
economics. The following sections discuss the key analysis 
models and their constituent equations. 
 
Turbine Off Design Analysis 
Capturing the turbine performance is an important part of 
system analysis, in this work a radial turbine has been selected 
and its intrinsic operation limits need to be evaluated. Literature 
uses a single value efficiency for turbines, however efficiency 
of the turbine has a significant relationship to the flow velocity 
through the device. The model for turbine performance 
presented by Baines [28], this model can be simplified based on 
a known reference geometry as: 
 
ܣ௜௡ ൌ ߨܦ௜௡ሺܾ௜௡߳௫ሻ ሺ1ሻ
ܥ௠,௜௡	 ൌ ሶ݉ /ሺܣ௜௡ߩ௜௡ሻ	 ሺ2ሻ
ܥ௠௔௚,௜௡ ൌ ܥ௠,௜௡/cos	ሺߙ௜௡ሻ ሺ3ሻ
ఏܹ,௜௡ ൌ ܥ௠௔௚,௜௡ݏ݅݊ሺߙ௜௡ሻ െ ௜ܷ௡ ሺ4ሻ
௠ܹ௔௚,௜௡ ൌ ට ఏܹ,௜௡ଶ ൅ ܥ௠,௜௡ଶ ሺ5ሻ
ߚ௜௡ ൌ cosିଵ൫ ఏܹ,௜௡/ ௠ܹ௔௚,௜௡൯ ሺ6ሻ
ܣ௢௨௧ ൌ ߨ ቀ൫ܦ௢௨௧,௧ ൅ ߳௥൯ଶ െ ܦ௢௨௧,௛ଶ ቁ ሺ7ሻ
ܥ௠,௢௨௧ ൌ ሶ݉ /ሺܣ௢௨௧ߩ௢௨௧ሻ	 ሺ8ሻ
ܥ௠௔௚,௢௨௧ ൌ ܥ௠,௢௨௧ ሺ9ሻ
 
 
The system is fully defined with the use of 6 variables, 
mass flow rate, turbine speed, relative and absolute flow angle, 
inlet and outlet density, with which the turbine performance 
(losses) can be evaluated. Crucial to radial turbine performance 
is the unique flow characteristics of a blade to blade relative 
vortex, passage (ܮ௣) and incidence loss (ܮூ) is significantly 
affected by fluid flow changes. So too is clearance loss which 
tends to be sensitive to the speed of flow through the turbine, 
and rotational speed itself. 
 
a) 
b) 
c) 
Figure 1 Rankine cycle with Regeneration system layout 
(a), Process diagram indicating heat exhange (b) and 
heat exchange process for regenerator and resource (c) 
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ܮ௉ ൌ 0.5 ∗ 0.3 ∗ ቀ ௜ܹ௡ଶ ∗ cos൫ߚ௜௡ െ ߚ௜௡,௢௣௧൯ଶ ൅ ௢ܹ௨௧ଶ ቁ ሺ10ሻ
ܮூ ൌ 0.5	 ௜ܹ௡ଶ ∗ sin൫ߚ௜௡ െ ߚ௜௡,௢௣௧൯ଶ ሺ11ሻ
ܮܿ ൌ ௜ܷ௡
ଶ ܼݎ
8ߨ ∗ ൫0.4߳௫ܥ௫ ൅ 0.75߳௥ܥ௥ െ 0.3ඥ߳௫߳௥ܥ௫ܥ௥൯ ሺ12ሻ
 
 
Flow angles (ߚሻ change with respect to the operation to 
ensure exit flow angle is constant, thus ߚ௜௡,௢௣௧ changes, as per: 
 
tanߚ௜௡,௢௣௧ ൌ െ1.98 tanߙ௜௡ܼ௕ ቀ1 െ 1.98ܼ௕ ቁ
ሺ13ሻ
ܥ௫ ൌ ൬1 െ ݎ௢௨௧,௧ݎ௜௡ ൰ /ሺܥ௠௔௚,௜௡ܾ௜௡ሻ ሺ14ሻ
ܥ௥ ൌ ݎ௢௨௧,௧ݎ௜௡ ∗ ቆ
ܼ௥ܾ௜௡
ܥ௠௔௚,௢௨௧ݎ௢௨௧,௛ܾ௢௨௧ቇ ሺ15ሻ
 
 
To ascertain the effect of individual parameter changes on 
efficiency, the loss models were implemented in Matlab. 
Assessment of turbine loss with respect to flow parameters was 
performed using Monte Carlo sampling using UQLab [29], 
with a support range set to 10% to explore magnitude of 
variation from the nominal case as presented by Baines [28]. 
Figure 2 shows that there is a large variation between upper and 
lower bounds for specific power loss. Importantly, the lower 
bound represents the minimum specific power loss. It is 
observed that the inflow angle (shown as ߙସ), mass flow rate 
(m) and inlet density (ߩ௜௡) have greatest effect on the loss.  
The development of an off-design performance model 
needs to capture the general range of variation based on the 
operation of the turbine. An off-design analysis method was 
developed by the author in [30], however the model takes 
significant time to perform the analysis. At present, it is desired 
to obtain a general trend for performance, Calise [31] proposed 
an off design method that captures the effect of the velocity 
ratio on the turbine performance: 
 
ߟ௢௙௙ ൌ 	ߟௗ௘௦ sin ൭0.5ߨ ቆ ሶ݉ ௢௙௙ߩௗ௘௦ሶ݉ ௗ௘௦ߩ௢௙௙ቇ
଴.ଵ
൱					ሺ16ሻ 
 
This model captures the direction of these combined affects as 
seen in Figure 2, consequently with Eq. (16) it is possible to 
evaluate system robustness across operating conditions. 
 
 
 
 
 
Figure 2 Parameter Variation of Radial Loss Model, 
Showing % change in Design Point Efficiency 
 
 
Table 1 Cycle parameters assumed for modeling 
Parameter  Value  Units 
Reference temperature  25  oC 
Reference Pressure  101325  Pa 
Heat Exchanger Driving Temperature  10  oC
Heat Exchanger Pressure Loss 1  %
Isentropic Turbine Efficiency 85  %
Isentropic Compressor Efficiency  60  %
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Regenerative Rankine cycle 
 
 
The Rankine cycle analysis is implemented in the C 
language using SimpleEOS, a wrapper for Reference Fluid 
Thermodynamic and Transport Properties Database 
(REFPROP), the core of the calculations for the Regenerative 
Rankine cycle is described in Annex A. REFPROP [32] is a 
thermodynamic property data for fluids providing essential 
information and state calculation functions for modelling 
thermodynamic processes. 
The study has two primary objective functions being the 
cost minimization objective and efficiency maximization 
objective which are used to determine the ideal operating 
pressure. The method to determine the ideal pressure uses a 
combination of a search method to determine general location 
of the optimal objective and bisection to improve the objective. 
The bisection method continuously improves the objective 
function with respect to an average pressure value. To ensure 
the correct design of the following constraints apply: 
 
1. Turbine inlet pressure must not be between ±10% critical 
pressure, 
2. Turbine outlet vapor quality may not be below 100%, 
3. Outlet pressure must be 10% below the critical pressure, 
4. State at outlet of regenerator must not be a 100% saturated 
fluid, 
5. Maintain minimum driving temperature between the Pump 
outlet temperature which must be below turbine outlet 
temperature i.e. (ܺௗ் ൏ ଶܶ െ ହܶ), 
6. Condenser outlet pressure must be above atmospheric, 
7. Condenser outlet temperature must be greater than 
30oC+XdT, 
8. Regenerator energy is balanced, |ߝሺܪଶ െ ܪଷሻ ൅ ሺܪହ െܪ଺ሻ| ൌ 0 
9. Whole system energy is balanced: |ሺܪଵ െ ܪଶሻ ൅ ߝሺܪଶ െܪଷሻ ൅ ሺܪଷ െ ܪସሻ ൅ ሺܪସ െ ܪହሻ ൅ ሺܪହ െ ܪ଺ሻ ൅ ሺܪ଺ െܪଵሻ| ൌ 0 
 
Once the turbine is calculated, the pump outlet condition is 
determined to ensure the correct temperature range for the 
regenerator. When determining the regenerator outlet state, it is 
possible for a non-azeotropic fluid to partially condense 
without going below the minimum temperature limit thus 
improving performance. However, the regenerator driving 
temperature (temperature at both the inlet outlet of the high side 
regenerator) must be at least a minimum as indicated in Table 1.  
Finally, operation near to the critical point is undesirable as the 
fluid properties go through adverse density gradients, a margin 
of 10% is kept around the critical pressure ensuring ideal 
operation.  
Economic method 
The present work has implemented the direct method as 
described by Galanti [21] using the following relationships: 
Ξ௖௢௠௣ ൌ ඨ ܴ௚ܴ௥௘௙ ܥଵ
ሶ݉ ௔
ܥଶ െ ߟ௣௢௟,௖ ݈݊ߚଶ ሺ17ሻ
Ξ୲୳୰ୠ ൌ
ݐଵ ሶ݉ ௚ඨ ܴ௚ܴ௥௘௙ ݈݊ߚ௧
ݐଶ െ ߟ௣௢௟,௧ ሺ18ሻ
Ξ୰ୣ୥ୣ୬ ൌ 1.5 ቆݎ1	 ሶ݉ ௜௡௖௢௟ௗ൫ ௜ܲ௡௖௢௟ௗ൯ି଴.ହሺΔܲି଴.ହሻ ቀ ߝ1 െ ߝቁቇ ݂	 ሺ19ሻ
Ξ୥ୣ୬ ൌ ݃ଵ ௢ܲ௨௧௚మ ሺ20ሻ
Ξ௧௢௧௔௟ ൌ Ξ௖௢௠௣ ൅ Ξ௧௨௥௕ ൅ Ξ௥௘௚௘௡ ൅ Ξ௚௘௡ ሺ21ሻ
 
 
As the present work is considering the specific power 
generation it is clear that the mass flow rate may be excluded to 
achieve a relative cost function. Consequently Ξ would  be in 
units ܿ݋ݏݐ ∙ ܭܩିଵ, which matches well to the specific power 
generation of the cycle in units ܬ ∙ ܭܩିଵ. Designs with a lower 
specific power than the reference point will operate at a higher 
mass flow for a given power and thus will require adjustment to 
a common reference. The reference point is chosen as the 
maximum possible efficiency of the system, and scaling is 
performed as: 
 
Ξ௔ௗ௝ ൌ Ξ୲୭୲ୟ୪ ∗ ൬H୰ୣ୤H ൰	ሺ22ሻ 
Table 2 Coefficients of the gas turbine cost function [21] 
Parameter  Value  Parameter  Value 
C1 €  55.8  T1 €  376.1 
C2  0.942  T2  0.903 
R1 €  625.1  ࡾ࢘ࢋࢌ (J/kg‐K)  289.25 
G1  18.7  G2  0.95 
 
Solar Receiver Modelling 
The solar receiver is included in the modelling as high 
temperature operation incurs a penalty due to convection and 
emissive losses from the receiver. The model as described by 
Dunham [33] assumes that receiver and working fluid 
temperatures match such that the receiver efficiency can be 
modelled as:  
 
ߟ௦௢௟௔௥ ൌ ߙ௥௘௖ െ ߝ௥௘௖ߪ ௥ܶ௘௖
ସ െ ݄௖௢௡௩ሺ ௥ܶ௘௖ െ ௔ܶ௠௕ሻ
ߟ௙௜௘௟ௗܥܫ஽ேூ ሺ23ሻ	 
 
The parameters for the model are given in Table 3, and the 
efficiency is plotted between 200 and 1000K in Figure 4. It is 
clearly seen that the maximum achievable receiver efficiency is 
95% and that there is a significant penalty for high temperature 
operation. Many organic gasses have a low temperature limit 
such that this penalty will not have an effect. 
 
Table 3 Baseline parameter values used to calculate 
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receiver efficiency [33] 
Parameter  Value 
ߙ௥௘௖  0.95
ߝ௥௘௖   0.88 
݄௖௢௡௩  10 W/m2 K 
௔ܶ௠௕  22 oC 
ߟ௙௜௘௟ௗ	  0.6 
ܥ  900 
ܫ஽ேூ   800 W/m2 
   
 
 
 
Figure 3 Solar Receiver Efficiency as a function of receiver 
Temperature 
RESULTS 
Fluid Filtering 
The Solar resource is considered as an energy source where 
temperature is determined by ܳ ൌ ሶ݉ ܥ௣Δܶ and the upper limit 
of temperature is based on overall efficiency. Furthermore, the 
actual power generated (watts) is not specified as this depends 
on field sizing and mass flow rate through the cycle. Fluid 
selection is made to be as broad as possible with the initial 
constraint being that the fluid has critical temperature above 
100oC. The resulting selection of 32 fluids in Table 4 has a mix 
of different hydrocarbons, and non-azeotropic fluids. The 
maximum temperature of operation is limited based on the 
individual fluid temperature capacity; this enables a higher 
potential efficiency.  
Table 6 clearly shows that many fluids are capable for high 
temperature range operation, and that receiver losses are 
outweighed by the systems high efficiency at these temperature. 
Instead, it is clear that technical constraints of radial turbines 
mean that to achieve these pressure ratios a number of cascaded 
expanders are required [34]. An important factor for choosing a 
system that has a high specific power generation, this would 
clearly favour R40, R11, R123, R152a, R1233zd which have 
the highest values. Of these, R152a and R1233zd are modern 
refrigerants whereas R40, R11 and R123 are progressively 
being phased out. 
 
a)
b)
c)
Figure 4 Solar Efficiency  as a function of Specific Power 
and Temperature for R11 (a), R123(b) and 
 RC318 (c) 
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Three of the highest performing systems are visualised in 
Figure 4; the charts show the efficiency of the system over a 
range of specific power generation and temperatures. The plots 
are overlayed with a temperature-entropy diagram of the fluid 
illustrating the fluids behaviour at the low pressure side 
(condenser, regenerator, pump). A clear difference can be seen 
in the location of peak efficiency with respect to fluid 
‘dryness’. The location of the maximum efficiency is beneficial 
to the off-design operation of the system: a mid-peak such as in 
RC318  (Figure 4c) allows for a larger power delivery operation 
range near the maximum efficiency point. However, R11 and 
R123 (Figure 4a and b) have a efficiency trend that is primary 
determined by specific power rather than temperature thus 
allowing for a greater range in temperature operation with 
minimal efficiency penalty. 
 
Sensitivity Analysis of Cycle Performance 
It needs to be determined how sensitive the performance is 
to the parameters in the model, a sensitivity analysis is done to 
ensure that the model correctly accounts for the operational 
constants. In the previous analysis the efficiency of the turbine 
and compressor, minimum driving temperature and pressure 
drop over heat exchanger have an assumed value as given in 
Table 1. There is a potential for each of these values to vary 
over a lifetime of operation, a support is selected based on the 
confidence of operating within a given range from the nominal. 
The resource temperature is expected to be controlled by mass 
flow through the turbine, but allowed to fluctuate ±20K. The 
Table 4 Fluid Max Efficiency and Temperature range for 
constant Enthalpy 
Fluid SP T ࣁ࢙࢙࢚࢟ࢋ࢓ મ 
r11 85759 625 27.72 29.86 
R123 81208 600 27.10 39.52 
RC318 56779 623 25.79 18.46 
R40 164805 630 25.23 12.34 
R1233zd 73887 550 23.75 21.39 
R113 52281 525 22.84 25.19 
R141b 71617 500 21.49 19.12 
RE347mcc 46001 500 21.27 23.53 
RE245fa2 57988 500 20.60 21.89 
R114 43435 507 20.36 14.37 
mdm 55544 673 19.95 25.61 
RE245cb2 49635 500 19.84 14.61 
R12 46738 525 19.38 7.03 
R152a 81142 500 18.23 7.23 
d4 42290 673 18.10 22.97 
R365mfc 46722 500 17.69 9.09 
R142b 53042 470 17.20 8.33 
R124 39415 470 16.80 8.46 
R227ea 32147 475 16.41 7.91 
md2m 36489 673 16.25 16.55 
R245fa 43392 440 16.12 10.61 
d5 28486 673 15.03 13.21 
R134a 41284 455 14.60 5.75 
md3m 24914 673 13.17 11.29 
R161 61376 450 12.86 3.17 
R1234ze 31042 420 12.31 5.27 
RE143a 32105 420 12.11 4.49 
d6 19880 673 11.85 9.98 
R21 31265 473 11.51 3.21 
     
a)
b)
c)
Figure 5 Sensitivity of System Efficiency for R11 (a),  R123 
(b) and RC318 (c) 
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power system is assumed to be operating uniformly over a 
±15% range. The heat exchanger driving temperature is given a 
±10% range, and the pressure loss an unbalanced +500% -33% 
to allow for greater fouling. Finally, the operating pressure is 
set to the optimal pressure for the given conditions as this value 
is continuously controlled through normal operation. 
The three highest performing fluids are selected for the 
sensitivity analysis. Ranges for the component operation is 
given in Table 6, and specific operating conditions in Table 7 
which is are highlighted in Figure 4.  
 
Table 6 Rankine Cycle Sensitivity Analysis Support 
Parameter  Nominal  Min  Max 
ߟ Turbine [%]  85%  80%  90% 
ߟ Compressor [%]  60%  50%  70% 
HEX Driving Temperature [K]  10  9  11 
HEX Pressure Loss [%]  1  0.75  5 
 
Table 7 Nominal Conditions for Optimal Fluid Selection 
Fluid  SP  T [K]  P [MPa] 
R11  67070  605  1.959‐4.965 
R123  61490  580  1.956‐5.496 
RC318  47483  603  3.198‐9.26 
       
Figure 5 shows the sensitivity of specific power (ܪ்), 
resource temperature ( ௜ܶ௡), heat exchanger driving temperature 
(ܺௗ௧) and pressure (ܺௗ௣), turbine (ߟ்) and compressor (ߟ஼) 
efficiency. It is clear that the specific power generation has the 
highest effect on the performance, and that both the turbine and 
compressor efficiency needs due consideration to ensure best 
performance. It is observed that R11 (Figure 5a), an isentropic 
fluid, has a simple relationship between power generation and 
efficiency. Increases of dryness as in R123 and RC318 (Figure 
5b and c) has a progressively more complicated relationship 
between specific power and performance. The performance of 
R123 and RC318 is affected by a combination of low operating 
temperature and low compressor and turbine efficiency 
indicating tighter controls on operation is required under these 
conditions. 
Economic analysis for Design Point operation 
Thermoeconomic analysis is considered as the optimal way 
to assess the balance between performance and cost [8]. The 
specific capital cost (Ξ/ ሶ݉ ) for systems with a moderate 
pressure ratio is given in Table 5. It is observed from the 
resulting economic analysis that the regenerator is a low cost 
method for improving performance. The cost is a reflection of 
the combined pressure ratio and efficiency of the system with 
the turbine being quite sensitive to pressure ratio. RC318 
(PR=18) is one of the higher performing fluids and is seen to 
compete well with other technically good designs which have a 
significantly lower pressure ratio. 
 
Minimum Economic Cost 
Economic cost must be in balance with system efficiency 
and technical capability to build the system. Instead of 
optimization based on efficiency, the objective function is 
changed to find the minimum total cost at the design point as 
per Eq. (22).  To ensure the optimal design is selected, firstly 
the pressure ratio limited to 9, then the efficiency and Cost 
normalized to min and max range. The objective function is 
then calculated as the distance to Parateo optimal based on 
maximizing efficiency and minimizing cost  
 
Table 5 Economic Analysis of Optimal Efficiency Designs 
Fluid Compressor Turbine Regen Gen Cost 
R21 103 4372 14 457 4948 
RE143a 134 5716 10 428 6290 
R1234ze 139 5923 10 411 6485 
R134a 154 6587 8 532 7284 
R161 150 6339 10 822 7323 
R12 158 6745 8 604 7515 
RC318 182 7842 7 718 8750 
R152a 217 9258 8 1054 10538 
R11 256 11025 9 1197 12488 
R123 262 11311 8 1115 12699 
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ߟ௙,௔ௗ௝ ൌ ߟ௦௬௦௧௘௠ െ min൫ηୱ୷ୱ୲ୣ୫൯max൫ηୱ୷ୱ୲ୣ୫൯ െ min൫ηୱ୷ୱ୲ୣ୫൯ ሺ24ሻ
Ξ௙,௔ௗ௝ ൌ Ξ௔ௗ௝ െ min൫Ξ௔ௗ௝൯max൫Ξ௔ௗ௝൯ െ min൫Ξ௔ௗ௝൯ ሺ25ሻ
ܱܨொ஼ ൌ min ൬ට1/ߟ௙,௔ௗ௝ଶ ൅ ߌ௙,௔ௗ௝ଶ ൰ ሺ26ሻ
 
 
The design is then ranked on the Performance to Cost Ratio 
(PCR), which is calculated as ሺܵܲ ∗ ߟ௦௬௦௧௘௠)/Cost. A 
performance to cost ratio over 1 indicates a system that has a 
favourable configuration. Table 8 shows that there are a number 
of very attractive cycle designs. R134a is commonly suggested 
as a fluid for use with low temperature Organic Rankine 
Cycles, and it is indeed more cost effective when generating 
power at low temperatures. R40 and R152a gives the best 
performance to cost. Figure 6 gives corresponding costs vs 
specific power and temperature for R152a, R134a and RC318 
and shows that in general higher temperature and a lower 
specific power generation results in favourable costing. 
 
 
 
 
 
a)
b)
c)  
Table 8 System Cost and ECR with Configuration 
Fluid SP T Π ߟ௦௬௦௧௘௠ Ξ௔ௗ௝ PCR 
R40 148420 630 8.68 24 15313 2.34
R152a 81142 500 7.23 18 10539 1.40
R11 61853 625 8.77 23 11299 1.27
RC318 42834 623 8.18 24 8480 1.21
R12 46738 525 7.03 19 7516 1.21
R1233zd 56294 550 8.25 20 10546 1.09
R365mfc 46722 500 8.46 18 7560 1.09
R161 61376 450 3.17 13 7323 1.08
R123 54472 600 8.60 22 11343 1.06
R141b 58166 500 8.98 19 10821 1.01
R142b 49493 470 6.44 17 8507 0.98
RE245cb2 43556 500 8.91 19 8638 0.96
R114 36591 507 7.59 19 7810 0.90
R124 36937 470 6.62 17 7281 0.84
R134a 39605 455 5.06 14 7072 0.81
R113 38707 525 8.66 19 9120 0.80
R227ea 30200 475 6.51 16 6391 0.77
RE245fa2 42791 500 7.37 17 9505 0.77
MDM 38761 673 7.86 16 8341 0.76
R21 31265 473 2.90 11 4591 0.76
R245fa 39955 440 7.76 15 8140 0.76
RE347mcc 35055 500 8.83 18 8591 0.74
D4 30493 673 7.66 15 7052 0.66
D5 24821 673 8.50 14 5414 0.64
MD2M 28300 673 7.55 14 6335 0.63
RE143a 29513 420 3.63 12 5915 0.58
R1234ze 28731 420 4.14 12 6044 0.57
MD3M 21498 673 7.12 12 4916 0.53
D6 18164 673 7.32 11 4344 0.47
MD4M 16978 673 6.93 11 4135 0.43
R236fa 1000 400 1.06 1 231 0.03
R245ca 1000 450 1.04 1 201 0.02
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Figure 6  Adjusted Cost as a function of Specific Power and 
Temperature at design point operation for R152a (a) R134a
(b) and RC318 (c) 
 
 
 
 
Off Design Optimisation of Regenerative Rankine Cycle 
It is crucial that the system can run at a lower specific 
power and temperature than designed for, when running away 
from the design conditions the pressure and mass flow rate 
need to be changed to ensure optimal power generation. As a 
result, the velocity through the turbine changes affecting the 
turbine efficiency. The flow velocity ratio is a key predictor of 
off-design performance, and Eq. (16) provides a relationship 
between efficiency and velocity ratio that may be used to 
evaluate the system. In addition to Eq. (16), the operation is 
constrained to a maximum actual velocity to prevent 
development of shock separation. It is assumed that the 
nominal turbine inlet speed is 0.8 Mach, therefore, a maximum 
flow velocity ratio of 1.25 limiting flow velocity to 1 Mach. 
The objective for the off design optimisation is: 
 
݉݅݊݅݉݅ݏ݁ ටݏݐ݀݁ݒ൫ߟ௦௬௦௧௘௠൯ଶ ൅ Ξ௔ௗ௝ଶ
ܵݑܾ݆݁ܿݐ	ܶ݋ ሶ݉ ௗ௘௦ߩ௢௙௙ሶ݉ ௢௙௙ߩௗ௘௦ ൏ 1.2
௠ܶ௜௡ ൏ 	 ௗܶ௘௦ െ 20
௠ܶ௔௫ ൐ ௗܶ௘௦ ൅ 20
ܪ௠௜௡ ൏ 0.7	ܪௗ௘௦
ܪ௠௔௫ ൐ 1.1	ܪௗ௘௦
 
 
Table 9 System configuration at Optimal ࣌ࣁ࢙࢙࢟  
Fluid SP T Π Ξ௔ௗ௝ ߟ௦௬௦ ߪߟ௦௬௦ PCR 
R152a 59565 479 4.05 10272 16.01 0.11 0.93
R40 71982 608 2.68 14606 16.53 0.25 0.81
R161 50398 430 2.7 7645 11.55 0.20 0.76
RE245cb2 35450 479 6.04 8756 17.44 0.09 0.71
R142b 38849 450 4.33 8556 14.88 0.09 0.68
RC318 28890 599 4.31 8740 19.88 0.15 0.66
R1233zd 41213 529 5.13 11099 17.41 0.05 0.65
R114 29746 485 5.42 8022 17.40 0.08 0.65
R11 40120 604 4.37 11742 18.40 0.06 0.63
R12 28443 485 3.25 7543 15.16 0.23 0.57
R123 37458 578 4.84 11981 18.15 0.06 0.57
R124 27023 450 3.91 7221 14.15 0.09 0.53
R134a 27856 434 3.06 6989 12.06 0.15 0.48
R227ea 18520 446 3.15 6443 12.49 0.22 0.36
RE143a 21737 399 2.64 6060 9.69 0.11 0.35
MDM 13587 653 2.21 9085 7.86 0.21 0.12
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The inequality constraints surrounding the temperature and 
specific power (H) are to ensure continued operation when 
significantly away from design conditions. Lower specific 
power bounds also indicate the design is capable of running at 
periods of reduced solar insolation. Although all 32 options 
were evaluated, as seen in Table 9, the constraint on specific 
bounds and temperature is an effective fluid filtering method as 
few fluids are capable of supporting this range. Under these 
conditions R152a, R40 and R161 have the best performance to 
cost ratio. 
CONCLUSIONS 
The design of a Rankine cycle with Regeneration is done 
through three different methods, simple system efficiency 
maximization, cost minimization and off-design operation 
maximization. Through each of these methods, it is clear to see 
that there is no one optimal configuration without considering 
additional criteria such as performance to cost ratio. 
The number of fluid candidates were initially selected on 
the capability of operation around a temperature of 423oC 
however the solar resource makes it possible to operate at any 
temperature. As such rather than filtering based on empirical 
methods such as selecting a fluid with certain properties, a 
liberal approach was taken in selecting any fluid with a critical 
temperature above 100oC.  Each fluid candidate was evaluated 
over its complete range based on the equation of state limits to 
determine the location of maximum efficiency and optimal 
cost. It was found that the optimal fluid choice did not follow 
established suggestions for fluid choice - indeed it is unlikely 
that the empirical selection methods will deliver fluid choice 
that can operate well at off-design conditions. 
The off design optimization method called for the output 
power to be capable to be reduced by 30%, it is clear that the 
off-design analysis approach is important as it provides an 
initial guarantee of the systems ability to operate under non-
ideal conditions. Increasing this range has a direct effect on the 
number of hours the system can run, however by doing this the 
systems design point efficiency is reduced. A design using 
RC318 has an efficiency penalty of 4%, and additional cost of 
300 between optimal cost and optimal off-design 
configurations. It is unknown if this is a favorable trade off, and 
at which point this breaks even – however it is clear that may 
give a substantially more than a 30% increase in running time. 
Based on the three methods, it is clear that cycle design 
will benefit from a full multidiciplinary approach. Furthermore, 
a multifidelity approach may be able to provide an avenue to 
incorporate costlier analysis methods to refine on specific 
regions of interest. 
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ANNEX A: RANKINE CYCLE CALCULATIONS 
 
Expander Inlet and Outlet State: 
ܨ ଵܵ ൌ ܶܲሺܶ ൌ ଵܶ, ܲ ൌ ଵܲሻ
Hଶୱ	 ൌ FSଵ,ୌ െ dH଴/η୲୳୰ୠ୧୬ୣ
Hଶ	 ൌ Hଵ െ dH଴
ܨܵଶ௦ ൌ ܪܵሺܪ ൌ ܪଶ௦, ܵ ൌ ܨ ଵܵ,௦ሻ
ܨܵଶ ൌ ܲܪሺܲ ൌ ܨܵଶ௦,௣, ܪ ൌ ܪଶሻ
 
 
Computation of all pressures: 
ܲ3 ൌ ଶܲሺ1 െ ݀ ுܲா௑ሻ
ܲ4 ൌ ଷܲሺ1 െ ݀ ுܲா௑ሻ
ܲ5 ൌ ଵܲ/ሺ1 െ ݀ ுܲா௑ሻଶ
ܲ6 ൌ ହܲሺ1 െ ݀ ுܲா௑ሻ
 
 
Pump Inlet and Outlet 
ܨܵସ ൌ ܲܳሺܲ ൌ ସܲ, ܳ ൌ 0ሻ
ܨܵହ௦ ൌ ܲܵሺܲ ൌ ହܲ, ܵ ൌ ܨܵସ,௦ሻ
ܪହ ൌ ܪସ ൅ ሺܨܵହ௦,௛ െ ܪସሻ/ߟ௖௢௠௣௥௘௦௦௢௥
ܨܵହ ൌ ܲܪሺܲ ൌ ହܲ,ܪ ൌ ܪହሻ
 
 
ܨܵଷ ൌ ܶܲሺܶ ൌ ܨܵହ,் ൅ ݀ ுܶா௑, ܲ ൌ ସܲሻ 
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Regeneration Process 
ܨܵ଺ ൌ ܲܪ൫ܲ ൌ ଺ܲ, ܪ ൌ ߝൣܨܵହ,ு ൅ ൫ܨܵଶ,ு െ ܨܵଷ,ு൯൧൯ 
If T2–T6 < XdT 
ܨܵ଺ ൌ ܶܲሺܶ ൌ ଶܶ െ ܺௗ், ܲ ൌ ଺ܲሻ
ܨܵଷ ൌ ܲܪ൫ܲ ൌ ସܲ, ܪ ൌ ൣܨܵଶ,ு െ ൫ܨܵ଺,ு െ ܨܵହ,ு൯൧/ߝ൯ 
If T3–T5 < XdT 
ܨܵଷ ൌ ܶܲ൫ܶ ൌ ܨܵହ,் ൅ Xୢ୘, ܲ ൌ ଷܲ൯
ܨܵ଺ ൌ ܲܪ൫ܲ ൌ ଺ܲ, ܪ ൌ ߝൣܨܵହ,ு ൅ ൫ܨܵଶ,ு െ ܨܵଷ,ு൯൧൯	 
 
 
